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ABSTRACT 
The relationship between maize (Zea mays L.) population density and grain yield is influenced 
by soil and crop management strategies, including Conservation Agriculture (CA). Yet little is 
known about the response of maize grain yield to varying plant population and/or row spacing 
under CA. A three-year study was conducted under CA to evaluate the effects of plant 
population and row spacing on maize grain yield, plant available soil water and soil 
temperature. Plant populations ranging from 40 000 to 80 000 plants ha-1 were evaluated at 
three row spacings (0.5, 0.76 and 1.0 m). The response of maize grain yield to plant population 
was highly variable between seasons: it was not affected by plant population in the season with 
the highest early-season rainfall but increased with increasing plant population in the driest 
season and in the season with well-distributed near average rainfall. Higher plant populations 
resulted in lower soil water levels, presumably due to greater water extraction. Plant population 
affected soil water availability in the 20-80 cm soil layer in Season 2, while plant population 
affected soil water availability at all soil layers except the 10-20 and 60-80 cm soil layers in 
Season 3. Rapid maize leaf-canopy closure provided by increased plant population and 
narrower row spacing is critical to adequately utilize the benefits associated with CA.  
INTRODUCTION 
Recent global maize grain yield increases were primarily driven by progress in genetic 
breeding and improved agronomic management practices (Ciampitti and Vyn, 2012; Duvick, 
2005). The development of maize hybrids with improved ability to withstand environmental 
stress factors has enabled producers to attain higher yields from higher plant populations 
(Duvick, 1997, Duvick, 2005). Improved weed and pest control strategies (Svobodová et al., 
2018) and new or diversified crop rotation sequences (Berzsenyi et al., 2000) also contributed 
towards higher maize grain yields.  
Changes in maize aboveground morphology traits have contributed to the success of modern 
hybrids established at high plant populations (Duvick, 2005). Leaves situated above ears of 
modern maize hybrids grow more vertically following decades of genetic breeding (Boomsma 
et al., 2009; Duvick, 2004) leading to improved sunlight interception (Tetio-Kagho and 
Gardner, 1988). At high plant populations, a well-developed leaf canopy cover is present. Root 
architecture and distribution at high plant populations is also of critical importance (Hammer 
et al., 2009). During water stress periods, modern and commercially available hybrids are more 
effective in extracting soil water at deeper soil layers, whereas older hybrids from the 20th 
century utilize more water from shallow soil layers (Campos et al., 2004). Narrowing row 
spacing further contributed toward the success of increased plant populations (Sangoi, 2001). 
Improved soil resource utilization is a benefit associated with decreased row spacing at 
equivalent plant populations, thereby resulting in more uniform plant-to-plant spacing, quicker 
leaf canopy closure and a more uniform root distribution. 
Interactions between plant population and soil tillage can also influence maize grain yield. 
Pittelkow et al. (2015) found lower maize grain yields under no-tillage compared to 
conventional tillage in a comprehensive global meta-analysis. Poor crop establishment, 
waterlogging in poorly drained soils and subsoil compaction have been listed as factors leading 
to the reduced yield under no-tillage (Derpsch et al., 2014; Halvorson et al., 2006; Iragavarapu 
and Randall, 1995). In addition, plant population and row spacing have a strong influence on 
maize grain yield (Van Roekel and Coulter, 2011). Optimum plant population and row spacing 
may vary with management system, such as no-tillage, to maximize maize grain yield and 
improve soil resource-use efficiency (Haarhoff and Swanepoel, 2018). Numerous studies have 
been conducted over the past few decades to investigate the response of maize grain yield to 
plant population and row spacing under rainfed conditions in a wide range of rainfall regions 
(Alessi and Power, 1974; Balkcom et al., 2011; Pretorius and Human, 1987; Qian et al., 2016; 
Westgate et al., 1997; Widdicombe and Thelen, 2002). Optimum plant populations and row 
spacings differ between conventional tillage and no-tillage systems (Haarhoff and Swanepoel, 
2018). Between 1966 and 2017, only 40 out of 104 trials investigating the response of maize 
grain yield at varying plant population and/or row spacing were performed under no-tillage 
with less than 10% performed under CA (Haarhoff and Swanepoel, 2018).  
Conservation Agriculture is based on three principles, viz. i) crop rotation, ii) permanent 
organic soil cover and iii) no- or minimum soil disturbance (FAO, 2019). The benefits 
associated with CA include improved soil water holding capacity (Verhulst et al., 2010), 
increased infiltration rates (Thierfelder and Wall, 2009) and reduced weed pressure (MacLaren 
et al., 2018). Conservation Agriculture has been adopted largely to counter soil erosion and 
other forms of soil degradation, and to improve resource use efficiency. Soils under CA are 
associated with increased soil water content (Thierfelder and Wall, 2009) and plant population 
and row spacing should be adapted accordingly.  
Derpsch et al. (2014) called for a more optimized systems approach when investigating crop 
performances under no-tillage. Studies conducted under no-tillage often label the cropping 
system as “Conservation Agriculture”, despite only one or two CA principles being practiced 
due to the practical challenges of incorporating all three principles (Swanepoel, 2019). 
Applying CA partly may lead to the misinterpretation of crop performances under no-tillage, 
crop rotation and high residue levels and may cause concerns among farmers and crop 
researchers regarding the viability of CA. Despite the growing amount of research reporting on 
maize grain yield response to varying plant population and row spacing under no-tillage, there 
exist a need to investigate similar maize responses under a complete CA system. The objective 
of this study was to evaluate maize grain yield, soil temperature and soil water content in 
response to varying plant population and row spacing configurations under CA. 
MATERIALS AND METHODS 
Site Description 
Field trials were conducted near Reitz (27°46' S, 28°25' E; elevation 1 630 m) in the Eastern 
Free State, South Africa, during the 2015/16 (Season 1), 2016/17 (Season 2) and 2017/18 
(Season 3) production seasons. The region is characterized by a subtropical highland climate 
(Cwb) (Kottek et al., 2006) with a mean annual rainfall of 709 mm. Approximately 85% of the 
rainfall occurs during the maize growing season (October to April). Soil type was a sandy-loam 
Typic Plinthaqualf (Soil Survey Staff, 2003) with 1.24% soil organic matter, 1.52 cm-3 soil 
bulk density and a pH(KCl) of 5.32 at the beginning of Season 1. According to the South 
African soil classification system, the soil form is a soft-eluvic Longlands (Soil Classification 
Working Group, 1991). Rainfall was measured at the trial site using a rain gauge. Average 
daily maximum temperature was recorded at a weather station approximately 40 km from the 
trial site. 
Trial Design and Treatments 
Three target populations (40 000, 60 000 and 80 000 plants ha-1) and three row spacings 
(0.50, 0.76 and 1.0 m) were studied in a factorial arrangement using a randomized block design 
with three replications. Plots were 24 m in length and consisted of twelve crop rows. A JM3080 
PD planter [Jumil Pty (Ltd.), Castelo, Espírito Santo, Brazil] was used to establish the maize 
at all row spacings. The optimal seeding date in the eastern Free State range from mid-October 
to mid-November. However, planting is only feasible when soil moisture is adequate and so 
planting was delayed in Seasons 1 and 3 beyond the optimal dates. Crops were planted on 14 
December 2015, 23 November 2016 and 4 December 2017. The maize cultivar DKC 7374BR 
(123 days to maturity) was used in all three seasons as it is one of the top yielding rainfed 
cultivars in the region and frequently planted by local maize producers.  
The trials were established in a soybean [Glycine max (L.) Merr.]-winter wheat (Triticum 
aestivum L.) -maize rotation system, which has been managed under no-tillage since 2011. The 
winter wheat served as a cover crop between summer grains. In Season 1, 75 kg ha-1 N, 19 kg 
ha-1 P and 9 kg ha-1 K were applied at planting as the compound fertilizer 8:2:1 (28% purity). 
In Season 2 and 3, crop nutrition was applied in two equal split applications as the compound 
fertilizer 6:2:1 (31% purity): 35 kg ha-1 N, 12 kg ha-1 P, and 6 kg ha-1 K at planting and as a 
top-dressing at the fifth-leaf collar (V5) leaf growth stage. Weeds were chemically controlled 
with pre- and postemergence herbicides according to seasonal needs during all three seasons. 
Hand weeding was done where necessary to keep all plots weed free. Crop residue cover was 
approximately 95% during the first few weeks after harvest. Strong winter winds lowered soil 
cover prior to planting and soil cover generally ranged from 40 to 55% at the end of each 
season. 
Sampling and Calculations 
Target plant populations were not always achieved as a result of challenging growing 
conditions during emergence and seedling growth and/or planter performance during all three 
seasons. To overcome biased reporting of results, final populations were estimated from plant 
counts in the eight central rows of each plot at harvest. The central eight crop rows of each plot 
were hand harvested at physiological maturity to determine maize grain yield. All grain yield 
data were standardized to a moisture content of 12.5%. 
Soil temperature and water content was evaluated in Seasons 2 and 3 using AquaCheck 
capacitance-based soil water probes (AquaCheck Ltd., Durbanville, South Africa). The soil 
water probes were installed halfway between two central rows 30 days after emergence (DAE). 
Soil water content and temperature were recorded in 10 cm increments to 80 cm soil depth 
every 30 minutes from 30 to 120 DAE. In Season 2, the soil temperature, soil water content 
and corresponding yield data were determined as the average of three plots with two similar 
final plant populations (28 000 and 50 200 plants ha-1) within the 0.5 and 1.0 m row spacings 
to ensure a sufficient number of replicates. The final plant population of the three plots grouped 
for each treatment did not differ by more than 10%. Due to a limited number of available soil 
water probes in Season 3, soil temperature and water data are reported as an average across 
row spacings to ensure three replicates in each final plant population treatment (35 000 and 
50 000 plants ha-1). Soil temperature is expressed as daily mean temperature, averaged over 30 
days for the 30-60, 60-90 and 90-120 DAE growth stages at soil layers 0-10, 10-20, 20-40, 40-
60 and 60-80 cm deep.  
Soil water data were field calibrated as discussed by Hajdu et al. (2019). In short, 
gravimetric soil samples were taken from each soil layer (0-10, 10-20, 20-40, 40-60 and 60-80 
cm) using a hand auger (diameter 7 cm), while calibration readings were recorded 
simultaneously at the corresponding soil layers. Soil sampling was done approximately 60 cm 
from the probe locations. Probe readings were also taken in water-filled containers (saturated 
readings) and in the air (dry readings). Gravimetric soil water content was consequently 
determined following the standard gravimetric technique (Schmugge et al., 1980). The soil 
samples were immediately placed in sealed containers and weighed to determine wet mass. 
The soil samples were oven-dried at 105°C until constant weight to remove all water. The 
gravimetric water content of each soil sample was then converted to volumetric water content 
by multiplying by the soil bulk density. A linear regression of calibration readings against 
volumetric water values was calculated and used to calculate volumetric water content from 
the growing season soil water readings. Soil water content of each soil layer was determined 
by multiplying the volumetric water content by the depth (mm) of the particular soil layer. Soil 
water content was reported as percentage plant available water (PPAW), which was determined 
using equation (1):  
PPAW = SWC−PWP
PAW
x 100         (1) 
where SWC is soil water content, i.e. the accumulated soil water in the particular soil layer 
at each measurement in mm, PWP is permanent wilting point in mm, and PAW is plant 
available water in mm. Plant available water was calculated as the difference between field 
water capacity (FWC) and PWP (Table 1). The FWC and PWP were estimated for each soil 
layer using a soil water characteristics model (Saxton and Rawls, 2006).  
Statistical Analyses 
Multiple linear regression analysis were used to investigate the effect of plant population on 
maize grain yield within each row spacing during Seasons 1 to 3. Grain yield per plant was 
also analysed using multiple linear regression analysis across years and row spacings. Maize 
grain yield data were optimized by constructing a 3-D quadratic spline curve to express 
predicted maize grain yield response to plant population and row spacing simultaneously 
according to procedures described by De Boor (1978). The 3-D spline curve was approximated 
by using a sequence of third-order (cubic) polynomials. When using a bivariate data set 
(correlations that involve two variables, in this study plant population and row spacing), the 
spline procedure solves cubic equations for each data point at a regular interval to determine 
the curve. A surface was fitted to the XYZ coordinate data using the bicubic spline smoothing 
procedure (De Boor, 1962).  
Analysis of variance (ANOVA) was used to test the effects of plant population and row 
spacing on soil temperature and water content during Seasons 2 and 3. The restricted maximum 
likelihood (REML) procedure was followed with P-values for the significance of each variable 
calculated using a type III ANOVA based on Satterthwaite’s approximation for degrees of 
freedom. Fixed effects were plant population, row spacing and soil depth (where applicable). 
Block was set as a random effect in the model. Pairwise comparisons of least square means 
were conducted between plant population and row spacing effects that were found to be 
significant at P < 0.05 in the ANOVA. Statistical analyses were conducted using Statistica 
(version 13.5.0.17) (TIBCO Software, 2018).  
RESULTS 
Growing Conditions 
Considerable variability occurred in seasonal rainfall and rainfall distribution between the 
three seasons, reflecting the erratic rainfall pattern of the particular region (Table 2). Below-
average rainfall (approximately 50% of the 30-year average seasonal rainfall) and above-
average daily maximum temperatures were recorded from October to April in Season 1, while 
approximately 85% of the 30-year average rainfall was received in Seasons 2 and 3. Overall, 
dry conditions characterized Season 1 and consequently resulted in low crop establishment and 
poor maize growth. The onset of Season 2 was considerably wetter allowing a more optimal 
planting date, which enabled crops to take advantage of available soil water from early 
vegetative growth to the silking (R1) stage. Rainfall during the kernel filling growth stage was 
well below the 30-year average; however, adequate mid-season rainfall in Season 2 provided 
adequate available soil water for pollination and kernel development. Despite the delayed 
planting in Season 3 due to the late arrival of rains, rainfall in late December improved soil 
water levels allowing suitable growing conditions during the early vegetative growth stages. 
Subsequent rainfall (255 mm) created drought-free conditions from the R1 growth stage to 
physiological maturity (R6). 
Yield Response to Plant Population and Row Spacing 
The response of maize grain yield to plant population and row spacing are presented in Figs. 
1-3. Maize grain yield increased as plant population increased during Season 1 at 0.5, 0.76 and 
1.0 m row spacings (Fig. 1a-c). In contrast, maize grain yield was not affected significantly (P 
>  0.05) plant population in Season 2 at 0.5, 0.76 and 1.0 m row spacings (Fig. 2a-c). In Season 
3, plant population had a significant effect on maize grain yield at 0.5, 0.76 and 1.0 m row 
spacings (Fig. 3a-c). In Seasons 1 and 3 maize grain yield increased with increasing plant 
population at all three row spacings. In Season 2 similar trends were evident but were not 
statistically significant.  
The response of grain yield per plant to plant population is presented in Fig. 4. As plant 
population increased grain yield per plant decreased (P < 0.001). A maximum grain yield per 
plant of approximately 158 g was found at a plant population of 20 000 plants ha-1.  
Relationship Between Plant Population and Row Spacing 
A 3-D quadratic spline curve was used to express predicted maize grain yield response to 
various plant population and row spacing combinations (Fig. 5). The contour lines were 
primarily arranged in parallel to row spacing, indicating row spacing had a smaller effect on 
maize grain yield than plant population. This observation concurs with the results reported by 
Haarhoff and Swanepoel (2018). The highest maize grain yield was found when plant 
population ranged between 60 000 and 70 000 plants ha-1, reflecting a yield of between 8 000 
and 10 000 kg ha-1. Overall, the lowest maize grain yield was found when plant population was 
lower than 20 000 plants ha-1 at a row spacing of 0.8 m or wider. 
Soil Temperature 
From 60 DAE onwards, daily average soil temperature was higher with 1.0 m row spacing 
than with 0.5 m row spacing throughout the soil profile (Figs. 6b and 6c) although the effect 
was only significant during the 60-90 DAE growth period. Pairwise comparisons between soil 
temperature at the two spacings at each soil depth measured were not significant. Plant 
population had no effect (P > 0.05) on daily average soil temperature in Season 3, with only 
some evidence (P < 0.1) suggesting the higher plant population resulted in lower daily average 
soil temperature during the 90-120 DAE growth period of Season 3. Since only depth 
influenced soil temperatures in Season 3, data are not shown. 
Soil Water Availability 
In Season 2, increasing plant population reduced PPAW (P < 0.05) throughout the 20-80 
cm soil layer, while there was no effect of row spacing nor a significant interaction between 
plant population and row spacing on PPAW (Fig. 7). On average, the PPAW at 28 000 and 50 
200 plants ha-1 across row spacings were 56 and 51% in the 20-40 cm soil layer, corresponding 
to a soil water content of 11.87 and 10.81 mm, respectively. The PPAW was on average 58 and 
49% in the 40-60 cm soil layer at 28 000 and 50 200 plants ha-1 during the 30-120 DAE growth 
period, respectively (P < 0.05). The high rainfall at 75 DAE was apparent in the PPAW of the 
top 20 cm soil layer, resulting in an increase in average PPAW of approximately 20%. The 
high PPAW in the 10-20 cm soil layer might be explained by a possible compacted layer at 
approximately 20 cm soil depth, leading to the development of a perched water table following 
a rainfall event. The PPAW was higher (P < 0.05) at 28 000 plants ha-1 than at 50 200 plants 
ha-1 during the first 70 DAE at the 40-60 and 60-80 cm soil layers where after the differences 
diminished.  
Plant population affected (P < 0.05) PPAW at all soil layers except at 10-20 and 60-80 cm 
throughout Season 3 (Fig. 8). The average PPAW in the 0-10 cm soil layer at plant populations 
35 000 and 70 000 plants ha-1 across row spacings were 57 and 47% during the season, 
respectively. The PPAW values correspond to 6.04 and 4.98 mm of accumulated soil water at 
35 000 and 50 000 plants ha-1, respectively. The maize grain yield at 50 000 plants ha-1 were 
higher (P < 0.05) than the yield achieved at 35 000 plants ha-1, indicating the benefits of a high 
number of plants per unit area when favourable growing conditions prevail. The PPAW was 
inconsistent in the 0-10 cm soil layer in Season 3, fluctuating between rainfall events for a plant 
population of 35 000 plants ha-1 between 50 and 70% and between 40 and 60% for 50 000 
plants ha-1. The main effect of plant population at the 20-40 and 40-60 cm soil layers was not 
sufficiently substantial to detect significant pairwise differences in PPAW between 35 000 and 
50 000 plants ha-1. Overall, better rainfall distribution in Season 3 resulted in less variable 
PPAW at soil depths deeper than 10 cm. 
DISCUSSION 
The ability of modern maize hybrids to withstand stress factors more easily have enabled 
producers to achieve higher yields at increased plant populations worldwide (Duvick, 1997). 
However, the relationship between increased plant populations and higher yields is highly 
dependent, inter alia, on seasonal rainfall amounts and distribution throughout the growing 
season. The variability in maize grain yield achieved across seasons in this study support this 
statement, with average maize grain yield markedly greater in Season 2 (7 530 kg ha-1) 
compared to 4 640 and 6 370 kg ha-1 achieved during Seasons 1 and 3, respectively. The 
delayed planting date and dry conditions impeded overall growth and yield during Season 1. 
The higher soil water content during the critical growth periods in Season 2 due to adequate 
rainfall (January to February, Table 1) provided optimal growing conditions for maize. 
Evaluation of the three-way relationship between maize grain yield, plant population and row 
spacing revealed that yield was the greatest at high plant populations and wide row spacings 
(Fig. 5), which is in contrast to  previous findings (Sangoi, 2001).  
The variability in maximum maize grain yield between seasons highlight the complexities 
involved when predicting optimum plant population and row spacing across different seasons 
and hybrids. Producers are understandably cautious to increase plant population considering 
the inconsistent rainfall pattern between seasons. Although a yield penalty is expected at low 
plant populations in years with good rainfall (Birch et al., 2008), less risk is involved, and 
producers resort to low plant populations (< 40 000 plants ha-1). In addition, Allen (2012) 
reported a negative maize grain yield response to increased plant population under no-tillage 
in seasons characterized with low rainfall. In contrast, the results obtained in our study 
indicated a positive maize grain yield response to plant population in the drier Season 1, 
suggesting higher plant populations are more favourable under CA. 
In contrast to soil temperature, more significant differences in PPAW were observed 
between plant population treatments. The PPAW was higher (P < 0.05) at 28 000 than at 50 
200 plants ha-1 in Season 2. The higher plant population has led to earlier leaf canopy closure 
(Ottman and Welch, 1989; Tetio-Kagho and Gardner, 1988) thereby maximizing sunlight 
interception (Ottman and Welch, 1989) and lowered evaporation losses from the soil surface 
(Karlen and Camp, 1985). At the 28 000 plants ha-1 and 1.0 m row spacing configuration, 
PPAW was inefficiently used by plants and resulted in the lowest maize grain yield among all 
treatments. Poor leaf canopy cover and ineffective root system distribution across the inter-row 
soil volume may have led to soil water losses through evaporation. Similar findings were 
reported by Barbieri et al. (2012) who found a row spacing of 0.35 m consistently increased 
maize evapotranspiration compared to a wider 0.70 m row spacing during early maize growth 
stages. It is clear that rapid canopy closure and a uniform and deep root system are critical 
aspects needed to efficiently utilize available soil water. This is especially important when 
producers opt to increase the number of plants per unit area in a rainfed maize production 
system where soil water is the most limiting factor for maize grain production. At high maize 
plant populations, root system architecture and related water-uptake is more critical than leaf 
canopy structure and sunlight interception for increasing biomass production and grain yield 
(Hammer et al., 2009). Research is needed to fully comprehend the dynamics between root 
system architecture and leaf canopy at varying maize plant population and row spacings 
configurations. This gap in knowledge should be met with field research under the various 
challenges set by soil and climate conditions.  
Current plant population and row spacing recommendations in the eastern Free State range 
from 25 000 to 40 000 plants ha-1 at row spacings of 0.76 m and wider. These recommended 
guidelines were derived from plots under vigorous soil tillage and monoculture maize practices. 
Despite the low rainfall and late planting date during Season 1, maize grain yield indicated a 
positive response to increased plant population within each row spacing (Fig. 1). This suggests 
increasing plant population may be an important consideration for farmers to realize modern 
hybrids’ production potential and more efficient soil resource utilization under CA. With no 
clear response of maize grain yield to plant population and row spacing in Season 2, it is evident 
that the highest maize grain yields were not necessarily associated with the highest plant 
population. Overall, maize grain yield reached a plateau at approximately 65 000 plants ha-1 
with a maize grain yield of more than 8 000 kg ha-1. 
It is essential to consider the complete cropping system when choosing a suitable maize 
plant population and row spacing configuration. Additional factors to consider include inter 
alia livestock integration, resulting in two cropping system aspects competing for crop 
residues, i.e. soil cover and animal feed. Rainfed maize is primarily produced on mixed crop-
livestock farms in the eastern Free State. Crop residue utilization during winter months add 
value to livestock, offer a more stable cashflow pattern throughout the year and help manage 
risk associated with grain production systems (Bell et al., 2014). Crop residues are a key feature 
of not only the success of no-tillage (Derpsch et al., 2010), but also the economic viability of 
the mixed rainfed crop-livestock systems, producers should apply agronomic management 
practices complementing increased crop residue production. An increase in biomass production 
has been associated with narrower row spacing (Cox et al., 1998) and increased plant 
population without any maize grain yield penalty (Raymond et al., 2009). The higher harvest 
index (ratio of grain yield to biomass) of modern hybrids at higher plant populations is not as 
a result of increased biomass production but as a result of increased stress tolerance and their 
capacity to yield higher under stress conditions compared to older hybrids (Duvick, 2005). As 
a result, the yield potential of individual plants have not increased but rather the yield potential 
of a population of individual plants (Di Matteo et al., 2016). 
The economic dynamics of higher plant populations (higher seed costs) under CA within 
a farming system is still unknown in the eastern Free State. It is suggested that future research 
focuses on an economic evaluation of varying plant population levels and associated yield 
returns, considering a wide variety of hybrids and fertilizer applications. It would be helpful to 
perform plant population/row spacing trials in diverse soil conditions and crop rotational 
sequences.  
CONCLUSION 
Maize grain yield increased with increasing plant population at 0.5, 0.76 and 1.0 m row 
spacings in the drier Season 1 as well as in Season 3 which was characterized by more adequate 
and timely rainfall. Daily average soil temperature was reduced by closer row spacing during 
the 60-90 DAE growth period in Season 2 with no significant difference between row spacing 
treatments during the rest of the growing season. Row spacing had no effect on PPAW in 
Season 2 and 3,  however, average PPAW was higher at 28 000 compared to 50 200 plants ha-
1 during the 0-70 DAE growth period in the 40-80 cm soil layer. Plant population affected 
PPAW in Season 3 at all soil layers except in the 10-20 and 60-80 cm soil layers. A higher 
PPAW was found at 35 000 plants ha-1 than at 70 000 plants ha-1. It appears that rapid maize 
leaf-canopy closure provided by increased plant population and narrower row spacing is critical 
to utilize the benefits associated with CA. 
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Fig. 1. The response of maize grain yield to plant population in Season 1 at (a) 0.5 m, (b) 0.76 
m and (c) 1.0 m row spacing. 
Fig. 2. The response of maize grain yield to plant population in Season 2 at (a) 0.5 m, (b) 0.76 
m and (c) 1.0 m row spacing. 
Fig. 3. The response of maize grain yield to plant population in Season 3 at (a) 0.5 m, (b) 0.76 
m and (c) 1.0 m row spacing. 
Fig. 4. The response of grain yield per plant to plant population across seasons and row 
spacings. 
Fig. 5. The relationship between the responses of maize grain yield to the combined effect of 
plant population and row spacing.  
Fig. 6. A comparison of the daily average soil temperature in Season 2 (2016/17) at 0.5 and 1.0 
m row spacing with soil depth at (a) 30-60, (b) 60-90 and (c) 90-120 days after emergence 
(DAE). Means followed by a different letter indicate significant differences at P < 0.05. 
Fig. 7. A comparison of percentage plant available water (PPAW) in Season 2 between plant 
population treatments at 10-20 cm soil depth increments to 80 cm deep, from 30-120 days after 
emergence. Main effects of plant population is reported and significant differences between 
plant population treatments at P < 0.05 are indicated by an asterisk. 
Fig. 8. A comparison of percentage plant available water (PPAW) in Season 3 between plant 
population treatments at 10-20 cm soil depth increments to 80 cm deep, from 30-120 days after 
emergence. Main effects of plant population is reported and significant differences between 
plant population treatments at P < 0.05 are indicated by an asterisk. 
  
Table 1. Soil particle size distribution, accumulated soil water content at field water capacity 
(FWC) and permanent wilting point (PWP), as well as accumulated plant available water 
(PAW) for each soil layer at the trial site near Reitz, South Africa. 
Soil layer 
Soil particle size distribution 
FWC † PWP † PAW 
Sand Silt Clay 
cm % mm 
0-10 79 6 15 21.1 10.5 10.6 
10-20 81 6 13 19.6 9.2 10.4 
20-40 79 6 15 21.1 10.5 21.2 
40-60 76 8 16 22.2 11.3 21.8 
60-80 74 8 18 23.7 12.7 22.0 
Total (0-80)     86.0 
†Values estimated with the Soil Water Characteristics Model (Saxton and Rawls, 2006). 
Table 2. Monthly and total seasonal rainfall and average daily maximum temperatures recorded 
during the 2015/16 (Season 1), 2016/17 (Season 2) and 2017/18 (Season 3) production seasons 
at the trial site near Reitz, South Africa. 
Season 
Oct Nov Dec Jan Feb Mar Apr Total 
Rainfall (mm)  
Season 1 20 22 34 102 53 45 36 312 
Season 2 95 165 87 104 143 24 0 618 
Season 3 38 48 165 89 110 145 20 615 
30-year average 79 96 110 114 91 84 48 622 
 Average daily maximum temperature (°C) Mean 
Season 1 25.2 25.0 26.5 26.7 26.4 24.8 22.9 25.4 
Season 2 24.2 25.1 25.8 24.9 24.1 24.4 22.6 24.4 
Season 3 24.9 24.8 25.4 25.8 25.4 22.8 21.9 24.4 
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Fig. 1. The response of maize grain yield to plant population in Season 1 at (a) 0.5 m, (b) 0.76 m and (c) 1.0 m row spacing. 
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Fig. 2. The response of maize grain yield to plant population in Season 2 at (a) 0.5 m, (b) 0.76 m and (c) 1.0 m row spacing. 
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Fig. 3. The response of maize grain yield to plant population in Season 3 at (a) 0.5 m, (b) 0.76 m and (c) 1.0 m row spacing. 
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Fig. 4. The response of grain yield per plant to plant population across seasons and row 
spacings. 
 Fig. 5. The relationship between the responses of maize grain yield to the combined effect of 
plant population and row spacing.  
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Fig. 6. A comparison of the daily average soil temperature in Season 2 (2016/17) at 0.5 and 1.0 m row spacing with soil depth at (a) 30-60, (b) 60-




Days after emergence 
Fig. 7. A comparison of percentage plant available water (PPAW) in Season 2 between plant population treatments at 10 to 20 cm soil depth increments to 
80 cm deep, from 30 to 120 days after emergence. Main effects of plant population is reported and significant differences between plant population 
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Days after emergence 
Fig. 8. A comparison of percentage plant available water (PPAW) in Season 3 between plant population treatments at 10 to 20 cm soil depth increments to 
80 cm deep, from 30 to 120 days after emergence. Main effects of plant population is reported and significant differences between plant population 
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